ABSTRACT Many enveloped viruses cause devastating disease in aquaculture, resulting in significant economic impact. LJ001 is a broad-spectrum antiviral compound that inhibits enveloped virus infections by specifically targeting phospholipids in the lipid bilayer via the production of singlet oxygen ( 1 O 2 ). This stabilizes positive curvature and decreases membrane fluidity, which inhibits virus-cell membrane fusion during viral entry. Based on data from previous mammalian studies and the requirement of light for the activation of LJ001, we hypothesized that LJ001 may be useful as a preventative and/or therapeutic agent for infections by enveloped viruses in aquaculture. Here, we report that LJ001 was more stable with a prolonged inhibitory half-life at relevant aquaculture temperatures (15°C), than in mammalian studies at 37°C. When LJ001 was preincubated with our model virus, infectious hematopoietic necrosis virus (IHNV), infectivity was significantly inhibited in vitro (using the epithelioma papulosum cyprini [EPC] fish cell line) and in vivo (using rainbow trout fry) in a dose-dependent and time-dependent manner. While horizontal transmission of IHNV in a static cohabitation challenge model was reduced by LJ001, transmission was not completely blocked at established antiviral doses. Therefore, LJ001 may be best suited as a therapeutic for aquaculture settings that include viral infections with lower virus-shedding rates than IHNV or where higher viral titers are required to initiate infection of naive fish. Importantly, our data also suggest that LJ001-inactivated IHNV elicited an innate immune response in the rainbow trout host, making LJ001 potentially useful for future vaccination approaches.
IMPORTANCE Viral diseases in aquaculture are challenging because there are few preventative measures and/or treatments. Broad-spectrum antivirals are highly sought after and studied because they target common components of viruses. In our studies, we used LJ001, a broad-spectrum antiviral compound that specifically inhibits enveloped viruses. We used the fish rhabdovirus infectious hematopoietic necrosis virus (IHNV) as a model to study aquatic enveloped virus diseases and their inhibition. We demonstrated inhibition of IHNV by LJ001 both in cell culture as well as in live fish. Additionally, we showed that LJ001 inhibited the transmission of IHNV from infected fish to healthy fish, which lays the groundwork for using LJ001 as a possible therapeutic for aquatic viruses. Our results also suggest that virus inactivated by LJ001 induces an immune response, showing potential for future preventative (e.g., vaccine) applications.
by LJ001 and that LJ001 had a prolonged inhibitory half-life in aquaculture environments. We also preliminarily investigated the ability of LJ001-inactivated IHNV to induce an innate immune response in the rainbow trout host.
RESULTS
LJ001 is not cytotoxic at antiviral concentrations. We first evaluated the potential cytotoxicity of LJ001 via in vitro experiments in fish-derived epithelioma papulosum cyprini (EPC) cells. Microscopically, there were no changes in cellular morphology or growth at LJ001 concentrations of up to 10 M for up to 7 days. Additionally, cell viability was quantitatively assessed by using a cell counting kit (CCK-8), which is based on dehydrogenase enzyme activity. EPC cells were exposed to increasing concentrations of LJ001, and no cytotoxicity was evident with up to 7 days of exposure to 10 M LJ001 (Fig. 1A) . Cytotoxicity was reached at 7 days of exposure to 20 M LJ001 (P Յ 0.001) and at all time points when cells were exposed to 50 M LJ001. There was no cytotoxicity of the vehicle control (dimethyl sulfoxide [DMSO] ) at concentrations of up to 0.1%, but cytotoxicity was established at 3 days (P Յ 0.05) and 7 days (P Յ 0.001) of exposure to 0.5% DMSO (Fig. 1B) . In Fig. 1A , cells exposed to 10 M LJ001 were simultaneously exposed to 0.1% DMSO (50 M LJ001 in 0.5% DMSO).
Clinical parameters used to assess the potential toxicity of LJ001 during rainbow trout fry experiments included prolonged lethargy, circling, swimming slowly, preference for the bottom of challenge containers, and overt death, none of which were observed. Cytotoxic effects were also assessed via histopathology of whole, fixed fry FIG 1 LJ001 is not cytotoxic at antiviral concentrations. EPC cells were exposed to increasing concentrations of LJ001 (A) or the vehicle control (DMSO) (B) for 1, 3, and 7 days in the presence of light at the time of addition. Formazan dye absorbance was measured at 450 nm. Positive-control wells were exposed to hydrogen peroxide (40 mM final concentration) for 1 day. The negative control (Ϫ) is no drug exposure. (A) Exposure to 0 to 50 M LJ001 (50 M LJ001 with 0.5% DMSO, 10 M LJ001 with 0.1% DMSO, and 1.0 M LJ001 with 0.01% DMSO). There was no cytotoxicity to EPC cells at up to 10 M LJ001. Toxicity occurred when cells were exposed to 20 M LJ001 for 7 days and 50 M LJ001 at all time points. Data represent mean cell viabilities Ϯ standard errors (n ϭ 3) normalized to values for no treatment (negative control). **, P Ͻ 0.01; ***, P Ͻ 0.001. (B) Exposure to 0 to 0.5% DMSO. No cytotoxic effects were observed at concentrations of up to 0.1%. Cytotoxic effects were detected after exposure to 0.5% DMSO at 3 and 7 days. Data represent mean cell viabilities Ϯ standard errors (n ϭ 3) normalized to values for no treatment. *, P Ͻ 0.05; ***, P Ͻ 0.001.
(transverse sections). There was no histologic difference between three negativecontrol fish (histologic scores of 1, 2, and 1) and three fish immersed in 10 M LJ001 (histologic scores of 1, 2, and 2). The scores were based on mild to moderate hyperplastic changes in the gills and skin (associated with various numbers of Ichthyobodo necator ["Costia"] parasites) with no internal organ abnormalities (data not shown) (P ϭ 0.52 by an unpaired Student t test). Our results confirmed that LJ001 was not cytotoxic in vitro and in vivo at antiviral doses.
LJ001 blocks IHNV infection in vitro. Next, we examined whether LJ001 could inhibit an aquatic rhabdovirus at previously established antiviral doses. LJ001 was preincubated with IHNV for 30 min prior to plaque assays using EPC cells. LJ001 was effective at inhibiting IHNV infection in vitro in a dose-dependent manner ( Fig. 2A) . There was significant inhibition of infection (IHNV at 1 ϫ 10 4 PFU/ml) with 0.1 M and 1.0 M LJ001 and complete inhibition at both 5 M and 10 M LJ001 (P Յ 0.001). The negative-control molecule, LJ025, had no inhibitory effect at a concentration of 10 M (P Ͼ 0.05). Inhibition of infection was enhanced when LJ001 (0.1 and 1.0 M) was preincubated with the virus for longer times (Fig. 2B ). There were significant differences in inhibition at between 15 min of exposure and 60 min of exposure for both LJ001 concentrations used (P Յ 0.01 with 0.1 M LJ001 and P Յ 0.05 with 1.0 M LJ001). LJ001 was directly applied to EPC cells, followed by the addition of untreated virus. Inhibition of infection is similarly dose dependent (Fig. 2C) . Inhibition is slightly decreased for direct application compared to virus/drug preincubation, without complete inhibition at 10 M LJ001 when 3 ϫ 10 3 PFU/ml virus were added. All mock controls had no detectable virus. Because of these encouraging results, particularly with preincubation, we then tested the inhibitory properties of LJ001 in vivo.
LJ001 blocks IHNV infection in vivo. For in vivo studies, LJ001 was preincubated with IHNV for 15 min prior to immersion exposure to rainbow trout fry. LJ001 inhibited IHNV infection in a dose-dependent manner, where infection was measured by a plaque assay (Fig. 3A) to assess live-virus levels and confirmed by reverse transcriptase real-time PCR (RT-rPCR) (Fig. 3B) by probing for the IHNV N gene (viral RNA). There was substantial inhibition (Ͼ2 logs; P Յ 0.001) of IHNV infection at 10 and 1.0 M LJ001 via a plaque assay (only one of five fish had detectable virus, and the other four fish were negative at 10 M LJ001; three of five fish had no detectable virus at 1.0 M LJ001). There was also significant inhibition (P Յ 0.05) of IHNV infection at 0.1 M LJ001 (one of five fish was negative and one fish was positive at the lowest detection limit). All five LJ001 is relatively stable in aquaculture environments. We then tested the stability of LJ001 in aqueous environments. LJ001 was added to water samples (river, hatchery, or deionized water, with hatchery water at 15°C being the most aquaculturerelevant environment containing a medium level of organic material). The samples were placed for up to 7 days at 15°C or 4°C (with exposure to light) and finally preincubated with 1 ϫ 10 4 PFU/ml IHNV, followed by a plaque assay. LJ001 was fairly stable in hatchery water at 15°C (Fig. 4A ) and was less efficacious with increased amounts of organic material present (the river water had abundant particulate matter). LJ001 added to hatchery water at 15°C had a calculated inhibitory half-life of 1.9 days (R 2 ϭ 0.83) when a nonlinear regression, best-of-fit line was applied (data not shown). Additionally, the stability of LJ001 was further enhanced at even lower temperatures (4°C) (Fig. 4B) . The calculated inhibitory half-lives of LJ001 at 4°C were 2.7 days (R 2 ϭ 0.76) in river water and 5.6 days (R 2 ϭ 0.72) in hatchery water. These results indicate that LJ001 is a relatively stable compound under aquaculture conditions. LJ001 inhibits horizontal transmission of IHNV. Based on our in vivo pretreatment inhibition data, we explored the therapeutic applications of LJ001 and its ability to inhibit horizontal transmission of IHNV. Donor fish were immersion infected with IHNV, followed by the addition of LJ001 (5 M final concentration), and finally, naive recipient fish were added after 15 min in a cohabitation experiment (see Fig. 5A for experimental groups). IHNV recipient fish from LJ001-treated groups had significantly lower (P ϭ 0.002) viral titers than did DMSO-treated (control) IHNV recipient fish (Fig.  5B) . None of the 36 LJ001-treated IHNV recipient fish had negative titers, but 19/36 fish
FIG 3 LJ001 blocks IHNV infection in vivo.
Naive rainbow trout fry were immersed as a group in 1 ϫ 10 4 PFU/ml IHNV that was preincubated for 15 min with 0 to 10 M LJ001 while being exposed to light. Following 12 h, fish were separated into isolation beakers, and the virus was allowed to replicate for 72 h. The homogenate supernatant from each fish was used for a plaque assay (A), and RNA was isolated and quantified by RT-rPCR (B) to determine the IHNV titer or quantity, respectively. had titers of Ͻ3.5 log PFU/g, whereas only 4/36 DMSO control IHNV recipients had titers of Ͻ3.5 log PFU/g. IHNV-infected donor fish from LJ001-treated groups had slightly lower, but not significantly lower (P ϭ 0.38), viral titers. Our results revealed a significant reduction, but not complete blockage, of horizontal transmission of IHNV when fish were treated with LJ001.
Mx-1 gene expression levels are elevated with LJ001-inactivated IHNV. To determine whether LJ001-inactivated virus may elicit an immune response and thus may be promising as a vaccine vehicle, we measured Mx-1 gene expression levels in rainbow trout fry exposed to LJ001-inactivated IHNV. Up to 10 M LJ001 was preincubated with IHNV for 15 min prior to immersion exposure of rainbow trout fry. Pectoral fins were bead homogenized to isolate RNA for Mx-1 gene expression via quantitative PCR (qPCR) and for IHNV N gene copy numbers via RT-rPCR. As expected, Mx-1 gene expression was significantly upregulated in fin tissues of fish immersed in untreated virus (IHNV and vehicle control only [0.0001% DMSO, final concentration]) compared to the negative-control group (no virus and DMSO) (Fig. 6) . Similarly, Mx-1 expression was significantly upregulated in the 0.01 M LJ001 treatment group. Fish immersed in IHNV pretreated with higher doses of LJ001 (0.1, 1.0, and 10 M) had higher Mx-1 gene expression levels than did those in the negative-control group, although upregulation was not statistically significant when the data were subjected to a multiple-group statistical comparison. At 10 M LJ001, the Mx-1 expression level was elevated 7.5-fold over the that of negative-control group, despite a lack of detectable viral RNA in the fin tissues. Our results suggest that LJ001-inactivated virus may elicit an FIG 4 LJ001 is relatively stable in aquaculture environments. LJ001 was added to sterilized deionized, hatchery, or river water and placed at either 4°C or 15°C for 0 to 8 days (a new sample was created each day; not additive). On day 0 (final day), 1 ϫ 10 4 PFU/ml IHNV (final concentration) was preincubated with each treated water sample (10 M LJ001, final concentration), followed by a plaque assay to determine the IHNV titer. There was complete inhibition of infection by LJ001 for all water and temperature conditions on day 0. The dotted line represents the inhibitory half-life titer (Ͼ50% inhibition of the positive control). (A) In 15°C water, LJ001 had an inhibitory half-life of between 1 and 2 days in hatchery water. After day 0, LJ001 in river water had no inhibitory effect. The inhibitory half-life of LJ001 in DI water at 15°C was ϳ5 to 6 days. (B) When placed in 4°C water, the inhibitory half-life of LJ001 was prolonged under all water conditions. Data represent mean IHNV titers Ϯ standard errors (n ϭ 2).
innate immune response that could provide protection to the host. Future studies are aimed at testing this potential prophylactic approach.
DISCUSSION
LJ001 is established as a broad-spectrum antiviral against enveloped viruses in mammalian systems (20) . The present study revealed that LJ001 was efficacious against a fish virus in vitro (Fig. 2) and in vivo (Fig. 3) . Additionally, LJ001 was not cytotoxic to fish cells (Fig. 1A) or juvenile rainbow trout (histopathology data not shown) at antiviral concentrations. High concentrations of LJ001 (Ն50 M), however, overwhelm the system and establish cytotoxic effects, which is compounded by the cytotoxic effects of DMSO at concentrations of Ͼ0.1% (Fig. 1B) . The main limitations for the use of LJ001 in mammalian systems are the requirement of light for activation and a relatively short biological half-life at 37°C (reported to be ϳ90 min) (20) . Generally, compounds degrade more slowly at lower temperatures, and the normal physiological temperature range for salmonids and their viral pathogens includes 15°C (23) . LJ001 also binds to any organic material that has a lipid membrane (20, 21, 24) , which likely accounts for the decrease in efficacy shown in Fig. 2C , where some LJ001 was presumed to immediately bind to the cells before the addition of untreated virus. Pathogens in aquaculture are transmitted in water, and water is typically transparent to light. Thus, water is a more favorable medium for LJ001 applications during daylight hours or Three IHNV-or mock-infected donor fish were placed into static challenge containers, followed by the addition of LJ001 (5 M final concentration) or 0.005% DMSO (vehicle control); after 15 min, nine naive recipient fish were added to each challenge container for cohabitation (n ϭ 1 challenge container per mock-infected group, and n ϭ 4 challenge containers per IHNV-infected group). Water exchanges and fresh LJ001 or DMSO dosing occurred every 24 h. (B) For donor fish that were immersion infected with IHNV, there was a nonsignificant (P ϭ 0.38, as determined by Student's t test) decrease in viral loads for the LJ001-treated donor fish (12 fish) compared to DMSO-treated (vehicle control) donor fish (12 fish). There was a significant decrease in viral loads for LJ001-treated IHNV recipient fish (36 fish) compared to DMSO-treated (control) IHNV recipient fish (36 fish) (P ϭ 0.002). All mock-infected fish had negative titers. Data represents mean IHNV titers Ϯ standard errors (n ϭ 12 for mock groups, n ϭ 12 for IHNV donors, and n ϭ 36 for IHNV recipients).
under artificial illumination. Our model virus, IHNV, preferentially infects trout at 15°C (25) , and we demonstrated that LJ001 was more stable at these temperatures (Fig. 4A) , with an inhibitory half-life of ϳ1.9 days (R 2 ϭ 0.83). Additionally, the amount of organic material present in natural water environments will vary. We showed that increased amounts of organic material in the water decreased the efficacy of LJ001 but that the efficacy of LJ001 remained relatively high in the tested hatchery water.
Horizontal transmission of IHNV occurs during epizootic outbreaks, in which a small proportion of fish become infected initially and begin shedding virus in the water, which perpetuates the epizootic outbreak (26, 27) . Often, two peaks of mortality are observed following acute rhabdovirus infection, which indicates that horizontal transmission plays an important role in outbreaks. Our data demonstrated that LJ001 significantly inhibited horizontal transmission from IHNV-infected donor fish to naive recipient fish in a cohabitation challenge model (Fig. 5) , which was likely due to direct LJ001 inactivation of the virus being shed by donor fish. The amount of virus shed by multiple fish (three infected fish were used in each experimental group) is expected to be massive and should mimic horizontal transmission in a natural setting. Peak shedding rates in Atlantic salmon are upwards of 3.2 ϫ 10 7 PFU/fish/h (27) , and horizontal transmission to naive fish requires only 10 PFU/ml (multiplicity of infection [MOI] ). Therefore, small amounts of virus in the water can infect fish, followed by rapid viral replication in the host. Although longer exposures and higher doses of LJ001 would likely enhance the inhibition of horizontal transmission, inhibition below the MOI (essentially complete inhibition) is unlikely to be achieved for this virus and antiviral combination. We chose this difficult model system (high shedding levels and low MOI needed for infection) to demonstrate the potential of LJ001 as a therapeutic, and we suspect that there is great promise for the compound in systems with lower levels of virus shedding and higher MOIs required for infection. Real-world conditions of variable amounts of organic material and high water flow rates/flowthrough systems are also challenges for therapeutic applications in aquaculture. For example, LJ001 might be suitable to inhibit viral transmission in pond aquaculture settings or when fish are housed short-term under static conditions, as occurs when fish are transported, tagged, or vaccinated, and in tanks for ornamental fish trade.
We showed that LJ001 directly inhibits IHNV infection in rainbow trout (Fig. 3) , where 4/5 fish in the 10 M LJ001 treatment group and 3/5 fish in the 1.0 M LJ001 treatment group had negative viral titers (complete inhibition). We also suspect that virus inactivated by LJ001 may elicit an innate immune response that could be protective to the host, which would potentially decrease viral loads and shedding or block infection completely. Natural IHNV infection stimulates a robust early innate response followed by a long-term specific immune response (28) . The speed and magnitude of the response are dependent on a number of variables, including water temperature, virus dose, strain, and other host/virus factors. The innate immune response to IHNV is mediated largely by type I interferon and interferon-induced proteins (including Mx-1) (29) , which can be induced by the G protein alone (30) . Studies have shown that the G protein elicits a strong early and nonspecific/crossprotective innate immune response (31, 32) . Later, a specific immune response is associated with detectable serum neutralizing antibodies (33, 34) . Wild-type IHNV (no treatment) stimulates the upregulation of Mx-1, as shown in Fig. 6 . Similarly, IHNV treated with 0.01 M LJ001 also significantly upregulates Mx-1 gene expression due to a lack of virus inhibition at this dose. The 10 M LJ001 treatment group was the most noteworthy because Mx-1 gene expression was upregulated albeit not significantly due to the variability of the sampled fish in this group. Virus in this treatment group was interpreted as being inactivated by LJ001 (as judged by the extremely low titer), and our data for Mx-1 suggest that inactivated virus may upregulate innate immune gene expression.
The G protein has been shown to be the only IHNV protein necessary to induce long-term specific immunity (35, 36) , which is the basis for the DNA vaccine. However, the exact mechanism and pathway by which the G protein induces interferon are not known. Hypothetically, the G protein could induce interferon at the cell surface (binding), within the endosome (endocytosis), within the cytoplasm (translation), when inserted into the surface membrane for assembly (recognized by immune function cells), or at a combination of these locations (29, 37) . Additionally, degraded RNA within the endosome may activate Toll-like receptors 7 and 8 (38) , with subsequent induction of interferon. LJ001-inactivated virus should induce a protective (innate and adaptive) immune response based on evidence that the glycoproteins are left unaltered (20) , which theoretically still allows binding and endocytosis (internalization) of the virus by host cells. Conformation, glycosylation, and epitopes of G must be preserved to induce a protective immune response, and altered/modified viral proteins have been a pitfall for previously explored inactivated IHNV vaccines (39) . The advantages of using LJ001 to inactivate viruses may include the possibility for ease of immersion administration (versus injection), lower costs and less labor associated with dosing mass numbers of fish/shellfish at one time, and the broad range of viruses and hosts that could be targeted.
The use of LJ001 as a therapeutic for IHNV at the tested concentrations may be limited, but LJ001 could be useful as a therapeutic against other enveloped viruses with lower shedding rates and higher MOIs and those transmitted under static-water conditions (e.g., ponds). Future studies will be focused on using LJ001-inactivated IHNV as a preventative measure by determining its ability to induce an immune response and its potential as a vaccine. An additional focus will be the study of the properties of enhanced derivatives of LJ001 as both aquaculture therapeutic inhibitors as well as inactivating compounds for vaccine development. For in vivo studies, IHNV (strain 220-90) was propagated in EPC cells as previously described (42, 43) . In vitro inhibition. For preincubation, EPC cells were seeded into a 24-well plate at 1 ϫ 10 6 cells/ml in Roswell Park Memorial Institute medium with 10% fetal bovine serum (RPMI-10). Cells were 95 to 100% confluent in 24 h. IHNV (final viral titer of 1 ϫ 10 4 PFU/ml) and LJ001 (0 to 10 M) or LJ025 (10 M) were preincubated together in RPMI-0 medium (without fetal bovine serum) in the presence of white light for 30 min. Mock negative controls (0.1% DMSO in RPMI-0) were used. The viral titer was determined by a plaque assay as previously described (42) .
For time exposure, IHNV (final titer, 1 ϫ 10 4 PFU/ml) was preincubated with 0.1 and 1.0 M LJ001 or 10 M LJ025 for 15, 30, and 60 min, followed by a plaque assay with mock controls.
For direct application, LJ001 (0 to 10 M) or LJ025 (10 M) was directly applied to EPC cells, followed by the addition of untreated virus at a final viral titer of 3 ϫ 10 3 PFU/ml (plaque assay with mock controls).
Stability experiments. Hatchery water was obtained from the end of the final raceway at a rainbow trout farm (Troutlodge, Inc., Sumner, WA). River water was obtained from a stream in Pullman, WA (downtown area). LJ001 (10 M final concentration) was added to sterilized deionized (DI), hatchery, or river water samples in the presence of light; LJ001 was added to a new water sample each day and placed at either 4°C or 15°C (LJ001 remained in the water sample for 0 to 8 days). On day 8 (final day), 1 ϫ 10 4 PFU/ml IHNV (final concentration) were preincubated with each LJ001-treated water sample for 30 min, followed by a plaque assay (described above) to determine the IHNV titer. To prevent osmotic lysis, 1 part LJ001 in water was added to 2 parts virus in medium to attain the final concentration/titer. Immersion. IHNV was preincubated with LJ001 to a final viral titer of 1 ϫ 10 4 PFU/ml and up to 10 M LJ001 or the vehicle control (0.01% DMSO, final concentration) in challenge containers (500 ml of water and a continuous air supply) in the presence of light. After 15 min, naive rainbow trout fry were added to the challenge container. The fish remained together for 12 h, at which time the fish were separated into individual beakers (to prevent fish-to-fish transmission) containing 400 ml of laboratory water until 72 h postinfection. Mock negative controls (0.01% DMSO in minimal essential medium [MEM]) were used. The entire exposure was conducted in static water with aeration. The fish were humanely euthanized with tricaine methanesulfonate (MS-222) at a final concentration of 240 mg/liter. Fish were frozen at Ϫ80°C until processing.
Cohabitation. Donor fish were immersed in 2 ϫ 10 5 PFU/ml IHNV or MEM only (mock infected). At 24 h postexposure, three donor fish were placed into each challenge container (700 ml of water and a continuous air supply), and LJ001 (5 M final concentration) or a carrier reagent (0.005% DMSO, final concentration) was added to challenge containers in the presence of light. After 15 min, nine naive recipient fish were added to each challenge container. Every 24 h, the donor and recipient fish were netted into a new challenge container with fresh water (700 ml) and a new dose of LJ001 (5 M) or DMSO (0.005%). Following 72 h of cohabitation, fish were euthanized with MS-222 and frozen at Ϫ80°C.
Histopathology. Three fish were exposed to 10 M LJ001 (or no treatment [negative control]) for 72 h and euthanized as described above. Fish were fixed whole in Davidson's fixative. Seven transverse sections of the head and abdominal cavity and a single longitudinal section of the tail were processed, embedded in paraffin, sectioned at 4 m, and examined by hematoxylin and eosin (H&E) staining using standard methods (44) . Scores defined prior to evaluation were as follows: 0 for no histological abnormalities; 1 for mild, multifocal epithelial hypertrophy and/or hyperplasia in the gills and/or skin; 2 for moderate epithelial hypertrophy and hyperplasia with or without mild inflammation; 3 for moderate epithelial hyperplasia, evident epithelial degeneration or individual-cell necrosis, and/or mild to moderate inflammation; 4 for severe epithelial hyperplasia, individual-cell necrosis, and/or moderate to severe inflammation; and 5 for significant necrosis in any organs or skin ulceration. Histopathologic evaluation and scoring were performed by two veterinary pathologists who were blind to the treatment groups.
Whole-fish processing. Fish were processed and analyzed as previously described (43) . Briefly, fish were thawed and homogenized in MEM by using a stomacher or manual homogenization, and the homogenate was subjected to low-speed centrifugation (1,000 ϫ g). The supernatant was serially diluted for plaque assays as described above. Total RNA was also extracted from the homogenized supernatant (1:4 dilution) by using the Qiagen RNeasy minikit according to the manufacturer's instructions, as previously described (43) . Total RNA was eluted in 60 l of nuclease-free water and stored at Ϫ80°C until use. Total RNA was quantified by using a NanoDrop ND-1000 instrument (Thermo Scientific). cDNA was constructed by reverse transcription using random primers from the High Capacity cDNA reverse transcription kit (Applied Biosystems). IHNV N gene quantification was performed via RT-rPCR (43) .
Mx-1 expression. Pectoral fin clips were taken from each fish in the immersion experiment (described above) and stabilized in RNAlater (Qiagen). RNAlater was removed, and magnetic lysing matrix beads (MP Biomedicals) were added to the samples. Tissues were bead homogenized (FastPrep-24 instrument; MP Biomedicals) for 20 s. The homogenate was spun (centrifugation for 10 min at 8,000 rpm), and the supernatant was used for RNA extraction (RNeasy minikit; Qiagen). Total RNA was quantified by using a NanoDrop ND-1000 instrument (Thermo Scientific). cDNA was constructed by reverse transcription as mentioned above. Gene expression levels were measured via qPCR, using probes for the Mx-1 gene, and normalized to the expression levels of the ARP (acidic ribosomal phosphoprotein P0) housekeeping gene (45) . Quantification of IHNV N gene copy numbers in fin tissue samples was conducted by RT-rPCR as described above.
Statistical analyses. Statistical analyses were performed by using GraphPad PRISM 5. One-way analysis of variance (ANOVA) and Dunnett's posttest with comparison to the negative control were used for the cell viability assay (in triplicate). Virus titers and N gene copy numbers were log 10 transformed prior to statistical analyses for the remaining assays. ANOVA and Dunnett's posttest with comparison to the positive control were used for the in vitro (n ϭ 3) preincubation and direct application data and for data from the in vivo (5 fish per group) immersion inhibition studies. For time exposure experiments, ANOVA and Tukey's multiple-comparison posttest were used to compare time points for LJ001-treated columns (n ϭ 4). Best-of-fit quadratic curves were applied to data from stability experiments, from which the inhibitory half-life was calculated via the quadratic formula and coordinate plots, and R 2 values were generated. Student's t test was applied to data from studies of the inhibition of horizontal transmission (12 donors and 36 recipients per treatment). A nonparametric Kruskal-Wallis test and Dunn's multiplecomparison post hoc test for the negative control were used on data for the upregulation of Mx-1 gene expression (5 fish per group).
